Non-lubricated clutches are still subject of numerous investigations. Measuring the temperature distribution in the friction contact would deliver a more detailed view of the live friction process. Main restriction remaining to establish this information is the low spatial measurement density of conventional thermal measurement facilities. On this account, fibre optic sensing technology has been used for the first time to measure the temperature distribution with high spatial resolution in a pressure plate of a clutch system. One sensing fibre offers not less than 700 measurement points in the pressure plate. An academic example was carried out to validate the new measuring method. On one hand, the focus of this investigation was the comparison of the measured temperature between fibre and thermocouple. On the other hand, the manner of inserting the fibre, especially the influences on the part by inserting holes, was investigated. The target is minimally changing the friction contact by the measurement instrumentation. By means of this measurement method, it is possible to analyse the thermo-mechanical behaviour of a friction system with a high level of details. This method enables the control of temperature distribution in the counter plate. Currently, an optimization method is in development, which should make it possible to rate design changes, for example of the pressure plate, linked to the temperature distribution.
Introduction
Albers describes that the function of the clutch is classified as basic criteria in the Kano Model, which needed to be fulfilled.
1,2 The customer will not be excited by this function, but it will surely create a negative impression if there are any problems about it. To prevent a negative impression, a robust and marginal design of the clutch is not possible yet.
The acceptable energy input into the clutch is one limiting factor. Repeated high energy input into the clutch, which forces high temperatures, is one critical manoeuvre for a dry running clutch. The normally used organic friction linings have a physical limit around 350 C till 400 C. One inaccuracy in the design process of a clutch system is that the temperature distribution on the friction surface during the engagement is not considered. Also, it is well known that there can be significant temperature differences over the friction area through analysing contact patterns of used systems. [3] [4] [5] [6] [7] [8] For ensuring the assured function of the system, the temperature is the determining factor. Measuring the temperature distribution in the friction contact would deliver a more detailed view of the system behaviour. [9] [10] [11] Main restriction remaining to establish this information is the low spatial measurement density of conventional thermal measurement facilities like thermocouples.
On this account, fibre sensing technology has been used for the first time to measure the temperature distribution with high spatial resolution in a pressure plate of a clutch system. Analysing the thermomechanical behaviour is the aim of the new measurement method in order to be able to derive specific optimizations.
A feasibility study, which shows the basic applicability of the measuring technique, is described first. Subsequently, the disturbance variables detected in the feasibility study are analysed, and therefrom improvement possibilities for the insertion of the measuring technique are derived. Finally, experimental investigations carried out to show which analytical possibilities arise with the new measuring method.
Feasibility study
At first there was the challenge to find some measuring methods, which are able to measure the temperature distribution with a high spatial resolution in or as close as possible to the friction contact. Several possible measurement technologies have been assessed regarding the applicability of using in a clutch system for test bench experiments. At the end, the highest potential was attested to the Optical Distributed Sensor Interrogator (ODiSI) from Luna. 12 The ODiSI System provides the possibility of Strain and Temperature sensing.
The LUNA ODiSI consists of a light source, a detector and a single-mode fibre sensor. The light source, a tuneable laser, is split into a reference and a sensor arm. The fibre is representing the sensor arm. Due to the Rayleigh effect, light is scattered back. The frequency pattern of the back scattering embodies the characteristic fingerprint of these fibres and is unique for each fibre. The measured variable is the fibre expansion. Increasing the temperature at a specific point of the fibre, or mechanically bringing on strain at this point, the characteristic pattern is only moved at this point (see Figure 1) . By evaluating the movement of the characteristic pattern, it is possible to calculate the temperature change at this point. In the present work, a polyimide coated glass fibre ODISIS15 with 155 mm outer diameter is used. The ODiSI System offers the possibility to read a temperature every 1.28 mm along the fibre with a sample frequency of 23.8 Hz. The repeatability is given in the data sheet with AE0. 4 C. For example, you can simultaneous measure 7812 temperature values along a 10-m long fibre.
The carried out feasibility study had proved the principal usability of the fibre optic measurement technology in the environment of test bench investigation of dry-running clutch systems.
14 More than 700 temperatures were measured with only one sensor fibre in the pressure plate (dimensions: outer diameter Øa ¼ 200 mm, inner diameter Øi ¼ 134 mm). The used setup for the feasibility study is shown in Figure 2 . The measured sections are marked in red. In total, there are 32 radial bores in the pressure plate, one each 11.25 . Threading the fibre in 28 of the 32 bores means that in total over 700 temperatures values were measured. Four thermocouples, Type J (Class 1 Tolerance), were implemented in the unoccupied bores to have some reference temperatures, where the fibre sensing value can be compared with. To verify the values of the fibre sensing technology, the measuring point of the fibre and the thermocouple on the same radius next to each other were compared. Overall, a good conformity can be proven towards the thermocouple, but the fibre temperature is higher at the peak temperatures during the energy input (see Figure 2 ).
Academic example
To validate the fibre optical measurement method, the results of the feasibility study were analysed by virtual Figure 1 . Using the Rayleigh scattering to evaluate temperature or strain by converting the frequency shift. 13 and physical investigations. On one hand, the reliability of the measurement method was to prove and, on the other hand, it had to be revealed if the fibre sensing measurement method has a considerable influence on the properties of the friction system. Influencing factors should be identified to optimize the measurement method.
Results of the feasibility study
As already mentioned in the preceding chapter, there were differences in the measured peak temperatures between thermocouple and the fibre optical sensor. The maximum synchronization temperatures measured with the fibre were about 8 K higher compared with the thermocouples (see Figure 2) . Due to the loose laying of the fibre in the bore, it was not always possible to identify the measurement section exactly. Higher differential speeds lead to an increase of measurement noise caused by vibrations of fibre segments outside the measurement sections. After several synchronizations, discoloured lines on the friction surface above the bores became visible.
To evaluate and to improve the reliability of the fibre sensing measurement method, major parameters that influence the thermo-mechanical behaviour of the friction system had to be identified. It should be analysed if there is an impact of these parameters on the validity of the measuring results. This was done by physical and theoretical investigations, explained in the following.
Analysis of the pressure plate used in the feasibility study
To identify the cause of discolouration's above the bores, the friction surface was examined with a MicroProf 300 from the company FRT. 15 Figure 3 shows a surface scan of an area, where a discoloured line was on the pressure plate. It was supposed that the sequence of machining and eroding caused the unintended bulge on the surface. In the last machining step, namely turning, directly over the bores the shown bulges are generated, which at the end lead to higher temperatures and the discoloured lines.
The inserted bores and the fibre itself must be regarded as thermal resistances for the heat flux through the pressure plate. Parameters that disturb the natural heat flux are the position and the size of the bores as well as the position of the fibre in the bore.
Due to the wide bore diameter of 0.5 mm in comparison to the 0.155 mm diameter of the fibre, the distance between measuring point on the fibre and the friction surface can vary.
To estimate the temperature, the measurement system uses the thermal expansion of the fibre. Friction between metal and fibre inside the bore could influence the strain of the fibre, distorting the temperature measurement. Therefore, bending radius and the way the fibre is threaded through the bores in the pressure plate may influence the accuracy of measurement.
The loose laying of the fibre should prevent unwanted mechanical loads, but on the other hand, measurement points could not be assigned reliably during test runs. Fibre vibrations of the outer windings caused by turbulences near the clutch could move the fibre from its initial position. Moreover, as already mentioned, the vibrations lead to measurement noise. Therefore, it should be tested, if a one-side fixation of the fibre affects the measurement results negatively.
Analysing the production process of the pressure plate
In the feasibility study, the bores for the sensing fibre were eroded first and afterwards the friction surface was turned to set the distance of the bores towards the surface. Investigations on test pieces out of the same material have shown that the order of eroding and turning has an impact on the surface quality. Eroding bores 0.1 mm underneath the friction surface had no influence on the surface quality, whereas turning after eroding the bores lead to the same bulges already seen on the pressure plate of the feasibility study (see Figure 3) . For this reason, the bores should be eroded after machining the friction surface.
Potential variations to improve the measurement method
After identifying parameters that have an impact on the accuracy of the measurement, alternative solutions were searched to optimize the measurement method.
To minimize the impact on the heat flux and at the same time assuring a fix position of the fibre, a new shape of the bore was developed. It looks like a keyhole with a bigger bore (0.55 mm diameter) and a smaller slot (0.25 mm wide) oriented towards the friction surface. Inserting the fibre in the slot and filling the bigger bore with a steel wire, the location of the temperature sensor is more accurate and the heat conduction between metal and fibre must be better. In addition, the new keyhole bore, in comparison to the old round bore, will improve the thermal heat flux near the measuring points.
FE-modelling of the bore and the fibre
By simulating the heat flux near the bores and the fibre, it was possible to evaluate several parameters, which may influence the heat flux and the measurement accuracy. Therefore, a thermal model was used to simulate a homogeneous heat flux (see Figure 4) . One simulation result was that with decreasing space between bore and friction surfaces, the surface temperature directly at the bore increases.
A bore with a diameter of 0.55 mm and a distance of 0.1 mm from the surface causes a local increase of 1.5 K to 2 K of surface temperature for the used steel material, whereas a bore distant 0.55 mm from the friction surface lead to a temperature rise of less than 1 K. The keyhole-shaped bore shows an improvement of the heat flux, especially when the bigger bore was filled with a steel wire. Due to the keyhole-shaped bores, the increase of temperature on the plate surface near the bores could be halved.
Changing the fibre position inside the round bore lead to different fibre core temperatures that determine the measured temperature. The maximum deviation of the fibre core temperature according to the fibre position in the round bore was around 1 K (0.1 mm space between bore and friction surface), whereas the maximum derivation in the keyhole bore was less than 0.5 K.
To sum up, the FE-Simulation show that the keyhole bore provides a better measurement accuracy and has less influence on the heat flux than the conventional round bore (see Figure 4) .
Influence of fibre bending radius on the measurement accuracy
To calculate the measurement error caused by friction of the fibre rubbing at the surface, the force of bending the fibre down to a minimum radius of 20 mm was measured. The maximum bending force, measured when the fibre is pushed to the minimum radius, would lead to a measurement error of 1.3 K, by supposing a friction coefficient of 0.24 between the metal surface in the bore and the polyimide surface of the fibre. However, the meander laying of the fibre similar to that one used in the feasibility study reduces friction forces, because the bending forces cancel each other out. According to the calculation and the meander laying, the bending radius has low impact on the measurement accuracy.
Physical investigations on the measurement method
In physical investigations, a metal cuboid with bores represented a part of the pressure plate (see Figure 5 ). This test specimen was heated up by pushing a warm metal piece to simulate a fast temperature increase of the pressure plate surface, as it happens during synchronizations.
The result of the investigations was that the unequally expansion behaviour of glass core and polyimide coating of the fibre causes higher measured temperatures in comparison to the measurements with thermocouples, as shown in Figure 2 . The measurement difference correlates primarily with the speed of temperature chances, shown in Figure 6 . Faster temperature changes cause lager measurement differences. The temperature level has less influence on the temperature distortion. The parameters, bore shape, fibre fixation and bend radius were analysed in the physical investigations regarding measurement noise caused by turbulences. Due to the described measurement differences, rating the influence of the parameters on the measurement accuracy is not easy. But the results indicated that a small bend radius, a one-sided fixation of the fibre and the use of the keyhole-shaped bore leads to less measurement noise.
Conclusion and recommendations
To provide an even surface structure, the friction surface of the pressure plate should be machined before eroding the bores. It is suggested to choose a minimum space of at least 0.3 mm between the bore and the friction surface, influencing the temperature distribution less. The keyhole-shaped bore disturbs the heat flux less than the round bore and ensures an exact determination of measuring points. Furthermore, the keyhole bores in combination with small bending radius and one-side fixations of the fibre reduce measurement noise caused by turbulences. A meandering laying minimizes friction forces on the fibre and therefore increases the measurement accuracy, while using a small bending radius.
Due to the polyimide fibre coating, the measured absolute temperatures are distorted by fast temperature chances. Therefore, similar temperature changes along the section of measurement lead to similar measurement differences. This also applies for the distortion due to the temperature level plotted at the bottom of Figure 6 . Despite the known temperature differences, the qualitative temperature distribution along the sections of measurement is valid to identify areas of higher thermal load. Approaches like the removal of fibre coating could be considered as well as post processing the measurement results to improve the measurement accuracy.
Studying the thermo-mechanical behaviour of a dry-running clutch Test rig setup
For the following investigations of the thermomechanical behaviour, the basic test rig setup from the feasibility study was used again. To consider the gained knowledge in the academic example, a new measure pressure plate was developed. The new pressure plate can be bolted at the inner and the outer diameter, not only at the inner diameter like the old one. The bores for the sensing fibre were located at different distances towards the friction surface, namely at 0.3 mm, 1 mm and 4 mm distance to the friction surface (see Figure 7) . Arranging the measurement sections like this, in different distances from the friction surface, it is possible to analysing the heat flux in the part. The group of these three bores were repeated circumferential 12 times. Some of these groups are located near the bolt connection, some in between. Summing up, the new design has also 28 measurement sections and therefore the same number of measured temperature points. But with the allocation in different distances to the friction surface, it can be gained even more information.
Surface analysis
To be sure that the manner of inserting the fibre has no influence, the friction surface was scanned before mounting. Therefore, a square of 15 mm side length with a group of three bores in different depths were analysed. The scanned area showed that none of the bores influences the friction surface. So the target, Figure 6 . Correlation between measurement difference and speed of temperature change (top) correlation between measurement difference and temperature (bottom).
minimally changing the friction contact by the measurement instrumentation, was achieved with the optimized manufacturing order.
Investigation of the thermo-mechanical behaviour
To investigate the thermo-mechanical behaviour of the presented test rig setup, three different test runs were carried out and will be compared in this chapter. An exemplary time course of an engagement is shown in Figure 8 . The driven side was speed up to 2.000 r/min, then the clamp force where build up to slow down the system. Setting the inertia to 0.85 kgm 2 an energy input of 18.64 kJ (1.08 J/mm 2 ) was realized. By increasing the clamp force from 1.900 N (test run #39) to 3.900 N (test run #40) and at last 5.900 N (test run #41), the friction energy is constant and the mean friction power is increased from 6. 
Results and discussion
The measurement of the fibre optic sensing technology should be verified at first. For the comparison of fibre and thermocouple temperature, the nearest fibre section, which is 1.0 mm under the friction surface, to the thermocouple is used. On this chosen section 3, measurement points around the measurement diameter of the thermocouple tip were averaged.
In Figure 9 , the comparison of the measurement of thermocouple and fibre sensing temperature is shown. The location of the shown comparison is marked in Figure 7 . It can be stated that the time course matches very well for all three runs. Also that the fibre temperature is a little bit lower in the cool down phase makes sense. For the comparison, the chosen fibre section has 1.0 mm distance to the friction surface compared to the thermocouple, which is 4.0 mm under the surface. Because the clamp force is directly demounted after synchronizing, ambient air can cool down the friction surface. Therefore, the temperature will decrease faster nearer to the friction surface. A comparison with fibre-measured section, which is also 4.0 mm under the surface was not accomplished, because the distance between those section are too large (see Figure 7) .
Another interesting point is that the measured maximum value of the thermocouple differs minimal for all three runs. Measuring the temperature in 4.0 mm under the friction surface is only capable for analysing different friction energy inputs, but not for different friction powers. In contrast, the fibre temperature shows $120 C for #39, $160 C for #40 and $170 C for #41. Figure 10 shows the course of all 28 measured sections at the diameter position 168.56 mm over time. The sections which are 0.3 mm under the friction surface are plotted in red, those 1.0 mm in green and those 4.0 mm in blue. The enlarged illustration of the first engagement demonstrates the differences between the three different measurement depths. As expected, the temperatures of the 0.3 mm section rising first and also reach the highest values. Those sections 1.0 mm under the surface are very close to the 0.3 mm ones. Also, as expected, the sections which are 4.0 mm under the surface are rising slower than the others. But at the end of the engagement, the temperatures aiming the same temperature value quickly. In Figure 11 is the measurement data from section number 6 is shown. The 3D plot and the contour plot show the same cutting of the measurement. In the contour plot, the thermo-mechanical behaviour can be studied best.
As the time courses before also shown, it is obvious that the slip time is reducing from #39 to #41. Interesting is that it can be observed that the hot areas over the diameter of the measurement section are moving towards a smaller diameter. For test run #39, the hottest areas are around diameter 160 mm and 185 mm and reaching temperatures from 150 C and 130 C. For test run #40, the hottest areas are around diameter 155 mm and 175 mm and reaching temperatures around 200 C. For test run #41, the hottest area is around diameter 150 mm and reaching temperatures over 230 C. Another important information is that the area around diameter 175 mm, which show high temperature peaks for test run #40, did not show the same high temperature in test run #41. That means, by increasing the friction power, not only the absolute temperature is rising but also the areas where the friction process takes places are moving.
Conclusion
With the presented measurement method, it is possible to analyse the thermo-mechanical behaviour of a friction system, through the measurement of the temperature distribution with a high spatial resolution. Especially the temperature distribution of test run #41 (see Figure 11) shows the inefficient utilization of the friction surface and thus represents the optimizations potential for this clutch system. Over the shown measurement section, nearly the whole energy input was inserted into a very small area. Deriving specific design changes for specific loads, based on the measurement method presented in this work, the temperature can be homogenized over the friction surface. Therefore, the system will be able to stand higher friction power. As a result of this, the performance of the clutch system can be increased, keeping the same geometrical dimensions.
Outlook
The presented approach outlines the analyses of increasing the friction power by constant friction energy. But the load situations, which a clutch faces during lifetime, are manifold. A targeted adaptation of the system to a critical range of operation points will be a way to achieve the described increase of performance and robustness at the same time.
The presented method could also be used for validating CAE models. For example, the results of calculations could be compare with the measured temperature distribution and so allows engineers to increase the performance of new products.
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